The internet has revolutionized the pattern of economic growth and its environmental effects. We investigate the ways in which internet penetration influences the relationship between income and the environment using data from 1996 to 2014 on CO 2 emissions from 115 countries with multiple levels of per capita GDP and internet penetration. Empirical results document the existence of the Environmental Kuznets Curve (EKC) and reveal that internet penetration does generally reduce the actual income level beyond which pollution begins to decrease. Further tests, based on the division of income and period, indicate an increasing negative influence of internet penetration on emissions reduction, with income growth and the environmental effect of the internet evolving from direct and indirect to systemic. We discuss this study's contributions to further research on income-environment paths and implications for the role of the internet in emissions reduction.
Introduction
The Environmental Kuznets Curve (EKC) hypothesis has been widely tested and taken as an explanation for the evolution of environmental quality with income increasing [1] [2] [3] . The EKC postulates an inverted U-shaped nexus of income-environment paths; that is, environment deteriorates because of economic growth at first, but eventually reaches an improvement in environmental quality with further income growth, after arriving at a threshold.
Based on the substantial empirical evidence that exists, the EKC has generally been accepted as an empirical regularity [4] . Nevertheless, the level of income past which environment begins to improve-the turning point of the EKC-is still controversial in a cross-national context [5] [6] [7] . This kind of heterogeneity generally occurs due to the different levels of income among different countries, as governments in less developed countries inevitably face greater pressure in regard to economic growth and therefore pay more attention to it [2, 6] . Al-Mulali, Saboori, and Ozturk (2015) even conclude after a comprehensive literature review that the EKC hypothesis could be valid only in countries with higher income levels [8] . Moreover, as noted by Baiardi (2014) , it is only in recent years that the examination of the income-pollution nexus in developing countries has started to receive attention [9] . This study focuses on this controversy and aims to provide an interpretation mechanism by exploring the factors that explain the formulation and evolution of the EKC relationship. According to Grossman and Kruger's original study (1991) , the EKC hypothesis actually assumes diverse income-environment paths because of the cross-national heterogeneity in economic scale, economic composition, and technology sophistication, which are the three mechanisms that affect the evolution of environment quality with economic growth [1] . The technique effect suggests that a positive relationship exists between technological sophistication and the environment because of the renovation and international transfer of cleaner technology. However, in recent decades there appear to have been increasing arguments regarding the environmental impact of technology, along with the rapid diffusion and penetration of information and communication technology (ICT) and internet use [10] .
Among others, Wang and Hao (2018), Gonel and Akinci (2018) , and Williams (2011) argue that internet penetration has made the environmental effects of technological progress more comprehensive and, consequently, has led to a countervailing impact on environmental evolution [11] [12] [13] . From the perspective of the sustainability community, internet penetration genetically has positive impacts on environmental evolution. This is because it has substantially transformed the forms of production and the ways in which we communicate and work. This discovery has uncovered feasible possibilities in regard to achieving sustainability through the use of new energy-optimized and dematerialized alternatives [12, [14] [15] [16] [17] . Internet use also enables dynamic support for efficient environmental governance and extensive sustainable behaviors. Internet-based government processes are commonly known as e-governments. As noted by Gonel and Akinci (2018), Purdy (2017) , and West (2004) , e-government development could improve policy effectiveness, governing efficiency, and democratic responsiveness [12, 18, 19] ; consequently, it could cultivate ecological awareness, inspiring sustainable behaviors and e-participation with the aim of achieving ecological sustainability [10, 11, 20, 21] .
Nevertheless, increasing numbers of studies have revealed that the diffusion of internet technology has significantly contributed to carbon emissions, because of its exponentially growing energy consumption and resource depletion in the manufacturing of internet-related products [14, 22, 23] . More evidence in recent research suggests that the operation of internet-driven applications generally emits more carbon dioxide than the equivalent manufacturing process [24, 25] . The process of global transportation and e-waste disposal also leads to substantial energy consumption and carbon emissions [26] . This is especially the case when we consider the way in which ICT and internet-based products generally have a short service life (two to five years) [14] . In this light, Dinda (2004) warned that society should be cautious about the latent environmental impacts of adopting new technologies [2] .
Regardless of any countervailing effects, the positive and negative environmental impacts of internet penetration do not exist co-instantaneously with equivalent influence on the evolution of environmental quality at all times. Economic development gives rise to the evolution of the environmental influence of internet penetration from direct and indirect to systemic [13] . Direct effects comprise the environmental benefits of internet-based applications and the tremendous e-waste they emit as a by-product, which is detrimental to the natural environment. This is followed by indirect effects, consisting of structural change, which lead to effective energy consumption and dematerialized production, as well as negative impacts caused by incomplete substitution [27] . Systemic effects are based on the wide application of the internet at the economic and societal levels, ranging from internet-based sustainable production and consumption to internet-enhanced environmental governance mechanisms. Systemic effects highlight the positive environmental effect of internet penetration, emphasizing the fact that the evolution of environmental quality depends on the influence of both pollution and protection activities [28] . That is, the direct effect of internet diffusion comes first and is embodied in a boost in the growth of ICT and other related industries, leading to both positive and negative influences on the environment. Systemic effect is reflected in the stimulation of sustainable economic and societal change through environmental sociology. In general, the overall environmental impact of internet penetration may vary with its transformation process from direct economic influence to systemic influence, at both the economic and societal levels.
To the best of our knowledge, although it has been a stylized fact that the internet has impacts on both environmental evolution and economic growth [29] , no empirical EKC literature explicitly introduces internet penetration as an explanatory variable. The effects of ICT progress and internet use are generally represented indirectly, by proxies such as environmental research expenditure [9, 30] , renewable energy production and/or energy efficiency [7, 8] , international trade [2, 31] , institutional quality [6] , and linear time trends [28] . This study, for the first time, sheds light on the impact of internet penetration on the EKC and its economic threshold; that is, the level of income beyond which pollution starts to decrease (see Figure 1 ). More specifically, we further investigate the heterogeneity in the environmental effects of internet penetration among countries with different income levels and development stages.
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Materials and Method
Research Methods
This study builds upon the EKC model developed by Bradford, Fender, Shore, and Wagner (2005) [32] and has been theoretically and empirically confirmed by Wagner (2008) , Leitão (2010) , Baiardi (2014) , and others [9, 33, 34] . It is an analytical method that circumvents econometric problems that arise in traditional EKC functional forms with quadratic transformations of regressors. The model is organized as follows
In Equation (1), the instantaneous change of pollution (P) is interpreted by the economic growth rate, g, and the distance of economic level, y, to the economic threshold, y*. Note that, if the country is at a stage of economic development (that is, g > 0), then pollution increases (∂P t /∂t > 0) until the threshold y* is reached (y < y*), or decreases (∂P t /∂t < 0) when the threshold y* is passed (y > y*), on the condition that the coefficient α < 0. Similarly, if the country faces a fall in the economy (referring to a negative growth rate, g), then pollution decreases (∂Pt/∂t < 0) when y < y*, or increases (∂Pt/∂t > 0) when y > y*, on the condition that the coefficient α < 0. To summarize, if only α < 0, Equation (1) predicts an inverted U-shaped relationship between income and environment.
For the purpose of testing the influence of internet penetration on the EKC (i.e., the turning point), we hypothesize that
where Inter is the level of internet penetration. According to Equation (2), a country's income level, corresponding to the threshold of the EKC, is a function of internet penetration. As long as δ 2 < 0, then there exists a negative relationship between Inter and y*; that is to say, the higher the level of internet penetration, the less actual income level beyond which environmental quality starts to improve. Substituting Equation (2) into (1), we obtain
We then turn Equation (3) into a time integral equation, where y and g are constant in time, to get
where µ is a constant of integration. Integrating the Equation (4) with respect to country (i), and adding the control variables (C i,t ) and the stochastic error term (ε i,t ), finally leads to
where i and t refer to the countries and time period, respectively. lnP i,t denotes the natural logarithm of per capita CO 2 emissions. A common view that exists in environmental research is that most of the buildup of greenhouse gasses is the result of increasing CO 2 discharges, which are believed to account for at least 60% of global warming [6] . y i and g i designate the average income level and income growth of country i during the sample period, respectively. Inter i,t is proxied by the level of internet penetration in country i in year t. We employ the year-to-year data, rather than the average level of internet penetration for each country, aiming to capture the different influences of internet penetration in different stages of development, considering the apparent gap of internet diffusion between developed and less developed countries [35] . Among the control variables (C i,t ) in Equation (5), the levels of urbanization and industrialization capture the environmental influences of socioeconomic development [6, 36] . Demographic factors, including aging rate, proportion of women, and population density and growth, are common in the EKC literature [30, [37] [38] [39] [40] . An indicator of democracy is also included to help us understand the impact of law, institutions, and civil liberty on emissions, which is still subject to controversy in the environmental literature [41] [42] [43] .
The validity of the EKC hypothesis is examined in Equation (5) by confirming if the coefficient α = β 0 < 0. The influence of internet penetration on the turning point of the EKC can be checked by testing the coefficient δ 2 = −β 2 /α < 0; that is, β 2 < 0, giving α < 0.
However, evidence has been found that internet penetration can influence not only the economic threshold of the EKC, but also the economic growth of one country [29] . Therefore, the indirect effect of internet penetration on environment through economic indicators (y i and g i ) must be included. Using a methodology similar to Leitão (2010) and Baiardi (2014) [9, 34] , we build Equation (6) to capture the indirect effects:
where λ i and τ t denote the country and time fixed effects, respectively, and ζ i,t denotes the error term. Real per capita GDP (Y) is explained by internet penetration (Inter i,t ) and control variables (X i,t ), including investment intensity, electricity consumption, trade, foreign direct investment (FDI), and inflation rate, in accordance with the recent growth literature [34, [44] [45] [46] . In this equation, the lagged internet penetration and investment intensity are used to eliminate the potential endogenous problems.
Sample and Data
To fulfill Equations (5) and (6), and to investigate how internet penetration impacts the income-emission nexus in a cross-national context, 115 countries with multiple levels of per capita GDP from 1996 to 2014 are included in this analysis (see Table 1 ). Other countries are dropped from the sample pool mainly because of missing data on CO 2 emissions (e.g., Eritrea, Montenegro, Serbia, and Timor-Leste) and per capita GDP (e.g., Afghanistan, Syria, the DPR Korea, Qatar, Libya, the Maldives, Sao Tome and Principe, and Somalia). Table 2 presents the definitions and data sources of the variables. Equation (6) is conducted first with the Y i,t as the dependent variable, to obtain the fitted values y i and g i , which are introduced as economic indicators in Equation (5). Specifically, y i is the average of the fitted values of country i over the study period. g i is computed from y 1 i = y 2 i (g i +1)ˆ15, assuming y 1 i is the average of the fitted values of country i across the latest four years; y 2 i is the average across the first four years. Bradford, Fender, Shore, and Wagner (2005) used this method to eliminate the short-term cyclical influences in economic development [32] . The data regarding democracy indicators are from Freedom House, and the world development indicators (WDIs) provide other initial data. Both fixed and random effects are estimated for Equations (5) and (6), as in Bradford, Fender, Shore, and Wagner (2005), Leitão (2010) , and Baiardi (2014) [9, 32, 34] . We selectively present one of the two sorts of results, according to the Hausman test. STATA 14.0 is used to fulfill the calculation process.
Results
Descriptive Statistics
We first present descriptive statistics of the main variables. Table 3 provides the means and standard deviations of the total sample and subsamples divided by income levels. With income level rising ceaselessly, there are apparent increments of CO 2 emission, internet penetration, electricity consumption, trade, FDI, urbanization, industrialization, and aging rate, and decrements in inflation rate, population growth, and Democratization (a reverse indicator that indicates an increase in democracy level if it decreases). As shown in the table below, there are significant differences in the mean values of the variables among countries with different economic conditions (the associated p-value is less than 0.05). Table 4 presents the estimation results of Equation (6) . Column (Y1) examines the influence of internet penetration (Inter i,t ) on real per capita GDP (Y i,t ). In columns (Y2) to (Y6), explanatory variables of Investment intensity i,t , Electricity consumption i,t , Trade i,t , FDI i,t , and Inflation rate i,t are added incrementally. In all models, there exists a significant positive relationship between internet penetration (Inter i,t ) and economic condition (Y i,t ) (ψ 1 > 0, p < 0.001), which is consistent with our expectations. Additionally, investment intensity and electricity consumption have significant positive impacts on income growth (p < 0.001), while no consistent relationship was found between trade, FDI, and inflation rate, and the real per capita GDP. We present the fixed-effect analysis results in accordance with the significant Hausman test statistics, as listed in the table below. The fixed-effect analysis is suggested in the cross-national growth literature [9, 32, 34] . Given these facts and the higher value of R 2 (0.73), the economic indicators in Equation (5) The examination of the results of Equation (5) can be seen in Table 5 . Column (P1) shows the results for the control variables. Column (P2) and column (P4), respectively, show the empirical results for the EKC when the impact of internet penetration is ignored, without and with the control variables. Column (P3) and column (P5) add the effect of internet penetration. The independent variables ygt and gt both have significant relationships with per capita CO 2 (β 0 < 0, p < 0.001; β 1 > 0, p < 0.001), evidencing the validity of the EKC. The results also show that the variable Intergt is significantly and negatively correlated with the dependent variable (β 2 < 0, p < 0.001), indicating that a higher level of internet penetration in a country indicates less per capita GDP, corresponding to the threshold of the EKC (i.e., the y*). Notes: *** p < 0.001; ** p < 0.01; * p < 0.05. Results of the fixed-effect analysis are reported.
Empirical Results
Among the control variables, as shown in column (P5) of Table 5 , urbanization, industrialization, and population growth demonstrate positive effects on CO 2 discharge, which is consistent with previous research [47] [48] [49] . However, the more elderly and female the population in a country is, the less amounts the country will emit greenhouse gases. Moreover, we provide empirical evidence supporting the argument that a democratic country tends to discharge more emissions [50, 51] .
Furthermore, we carry out separate analyses based on the division of income and period in order to test the environmental effects of internet penetration in different economic conditions and development stages. The regression results are shown in Table 6 . Notes: *** p < 0.001; ** p < 0.01; * p < 0.05. Results of the fixed-effect analysis are reported.
Columns (P5a) to (P5d) depicts the results of the multiple regression based on income division and show that the EKC exists in every income group (β 0 < 0, p < 0.05), while the impact of the internet varies according to the income division. The explanatory variable Intergt has significant positive impacts on CO 2 emission intensity in low-income countries (β 2 > 0, p < 0.01), while, in middle-higherand high-income countries, the nexus turns negative (β 2 < 0, p < 0.001).The results demonstrate that the diffusion of internet use raises the actual income level beyond the point at which pollution begins to decrease in low-income countries, in contrast with the increasing positive environmental effects regarding income growth and internet penetration. The relative results depicted in columns (P5e) and (P5f) further support our expectations. Although the negative effects of internet penetration on the turning point exist in both period stages, the absolute value of the coefficient of Intergt increases from 0.055 in the years 1996 to 2005, to 0.171 in the years 2006 to 2014, indicating an increasing negative influence of internet penetration in emissions reduction, with income growth and the environmental effects of the internet evolving from direct and indirect to systemic.
Discussion and Conclusions
The internet has profoundly revolutionized the pattern of economic growth and led to countervailing environmental effects. This study empirically investigates the validity of inverted U-shaped income-emission paths and the ways in which internet penetration influences the EKC (i.e., the turning point) in a cross-national context.
Using data on CO 2 emissions from 115 countries with multiple levels of per capita GDP and internet penetration from 1996 to 2014, this analysis presents results supporting the validity of the EKC hypothesis and reveals that internet penetration could generally reduce the actual income level beyond which pollution begins to decrease. Further tests, based on the division of income and period, indicate an increasing negative influence of internet penetration on emission reduction, with income growth and the environmental effects of the internet evolving from direct and indirect to systemic. We also demonstrate that the level of urbanization, industrialization, and population pressure have negative effects on environmental quality, while higher proportions of the elderly and female populations in a country indicate lower carbon emissions.
This is the first analysis that demonstrates the direct effects of internet penetration on the EKC and its economic threshold. The empirical finding that internet penetration adversely impacts the ecological system in developed and less developed countries contributes to the literature by paving the way for a new mechanism with which to interpret the controversy surrounding the validity of the EKC, as well as exploring the environmental impacts of the internet in different economic conditions and development stages.
This study has important implications for further research. First, though the EKC has been widely used to explain the income-environment path [4] , it is apparently not the same for all countries and is influenced by various factors [1, 2, 4] . Further EKC studies should pay more attention to the differences between developed and less developed countries, and among countries with different endogenous and exogenous conditions, as Dinda (2004) and Lv (2017) have noted [2, 52] . Second, an analysis of the implications of internet penetration on environment should be conducted within specific economic and social conditions. Given that the internet has not yet been involved in the dominant factors that interpret the EKC hypothesis, dynamic and integrated investigative frameworks should be built to capture the countervailing environmental impact of the internet. Compared with the separated analysis concentrating on the direct environmental impacts of the internet at an economic level, as Williams (2011) points out, further systemic recognition of how the internet interacts with environmental issues would be beneficial for interpretations of the income-environment path and for formulating policies [13] .
Turning to policy implications, the documented economic thresholds of the EKC are usually too high for most countries in the world to reach [3, 53] . The overall negative impact of internet penetration on the economic threshold of the EKC, as demonstrated in our empirical results, gives an optimistic insight into the evolution of global environmental quality. As such, environmental degradation should not be treated just as an economic issue in this respect; therefore, economic growth is not the panacea to all existing and latent environmental issues [7] . Information and internet technologies, if properly introduced and used, could play a vital role in emissions reduction and further improvements in environmental quality, in addition to enhancing economic growth [29] . Latecomer countries do not need to follow the growth-pollution path exhibited by developed countries, and should make environmental improvements at a low-income threshold [28] . For this purpose, it is necessary for the authorities to take into account the environmental effects of the internet technologies they introduce and use. Meanwhile, governments should exploit and apply the capabilities of the internet in regard to achieving sustainable development and green growth, including higher accuracy in environmental monitoring and evaluation, cleaner processes in production and supply chains, and greater efficiency in energy consumption and energy substitution.
Nevertheless, the heterogeneity of the environmental effects of the internet across countries in different income and period divisions indicates that a type of "environmental catching up", brought about by internet use, will not necessarily occur in a global context [9] . As for low-income countries, the direct economic impact of internet use will lead to more environmental deterioration, as internet penetration has not led to sustainable evolution at a societal level; that is, the stimulated systematic socialization of environmental technologies has not yet been achieved. Besides the internet-based sustainable economic pattern, systemic effects place greater emphasis on internet-enhanced environmental governance mechanisms, which are more significant to the government, environmental groups, and the general public. In terms of policy formulations in less developed countries, the government should take advantage of the internet in regard to cultivating ecological awareness and transforming environmental governance, aiming to reach a consensus about the environment across parties and formulate adaptive collaborative partnerships in environmental governance.
It should be noted that this analysis is limited to the time period and countries investigated. Given that the internet is diffusing and penetrating quite rapidly, further follow-up studies on the environmental impacts of internet penetration should be conducted once the WDI has published newly data on CO 2 emissions or has provided other reliable data sources. Moreover, we suggest that further research should be conducted in a regional or individual national context, in order to reveal the systemic effects of the internet on environment from the perspectives of economic and societal visions.
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